Abstract
Pawlowicz, 2013). 48
There are several small river plumes potentially affecting Chl a distribution near and offshore of the east 49 coast of Korea; yet, the effects remain poorly understood. High summer (from June to September, JJAS) 50 precipitation often accompanying heavy rainfall around the Korean peninsula is well known and accounts 51 for more than 50% of the annual precipitation in the region. During summer, most rivers in the region become 52 flooded and discharge large volumes of freshwater into the adjacent marginal seas, including the East Sea 53 (Japan Sea), Yellow Sea, and East China Sea (Bae et al., 2008; Kong et al., 2013) . Chl a distribution in the 54 southwestern East Sea off the east coast of Korea has been examined, and found to be associated with 55 physical processes at mesoscale or larger scales, including spring and fall blooms that have been detected 56 using satellite ocean color data, data from limited short-duration ship surveys (Hyun et al., 2008; Kang et al., 57 2004) , and time-series data collected continuously from moored buoys (Hong et al., 2013; Son et al., 2014) . 58
Despite wide range images available from geostationary and polar-orbit satellite ocean color remote sensing 59 over several days to weeks near the coast, particularly during the well-stratified summer season, have rarely 61 been examined. Thus, we aimed to address the episodic bloom events in summer and investigate the effects 62 of river plumes on Chl a distribution near and away from the east coast of Korea. 63 64
Data and methods 65
Time-series data of meteorological, physical, and biochemical parameters have been measured using a 66 surface mooring named ESROB (East Sea Real-time monitoring Ocean Buoy), deployed in water at 130 m 67 depth, about 8 km off the mid-east coast of Korea (Fig. 1) . The data collected includes wind speed and 68 direction at 2 m above the sea surface, photosynthetically active radiation (PAR) at about 2 m above the sea 69 
Climatological CF variations 118
Annual cycles of wind stress (WSa, WSc), surface CF, SST, SSS, surface DO, and surface current ((Va, Uc) 119 at the upper most bin) observed at the ESROB were obtained by climatologically averaging monthly mean 120 values over the three years from 2011 to 2013, which showed significant summer-time CF enhancements (in 121 addition to two well-documented blooms in spring and fall), weakened wind forcing, increased SST, 122 decreased SSS, over-saturated surface DO (though absolute DO decreased), and strengthened equatorward 123 (Va < 0) surface currents (Fig. 3) . The enhancements of CF during the summer with significantly high 124 concentrations over 1 ㎍/l in July accompanied with decreased SSS (abruptly decreased from June to July) 125 and strengthened equatorward currents (maximum speed of 15 cm/s in July), implied high Chl a and low 126 salinity water of northern origin. Although absolute DO decreased with increasing SST, the surface water 127 was over-saturated for most of the summer, implying a significant role of surface bioactivity. Weak poleward 128 (Va > 0 and Ua ~ 0) surface currents were observed throughout the year, except in summer, when strong 129 equatorward (Va < 0 and Ua ~ 0) currents prevailed. 130 131
CF events observed in summers of 2011, 2012, and 2013 132
In the summers of 2011, 2012, and 2013, 10 bloom events (E01-E10) were identified where the surface 133 CF was significantly enhanced over considerable period (Fig. 4, Table 1 ). The CF bloom events were defined 134 as follows: the peak CF reached higher than 2.0 μg/l and the duration when the CF > 2.0 μg/l was longer than 135 1 day, when CF > 1.0 μg/l. The summer bloom event lasted for several days to weeks, which is shorter than 136 the typical duration of spring and fall blooms. Six events, three each year (E01-E03 and E04-E06), were 137 identified in the summers of 2011 and 2012, whereas four (E07-E10) occurred in 2013 (Fig. 4) . The average 138 SST, SSS, and CF for the duration of each event are listed in Table 1 . 139
During the CF events in the summer of 2011 (E01-E03), low SSS was observed at the ESROB several 140 days to a week after remarkable wind forcing and heavy rainfalls (maximum of 160 mm/day during E02) at 141 upstream stations, accompanying enhanced equatorward currents (Fig. 5a, c, events, inducing strong equatorward (before E01) and poleward (after E03) wind stresses (arrows labeled by 144 M1 and M2 in Fig. 5b) . Interestingly, the equatorward (poleward) wind stress may strengthen equatorward 145 (poleward) and onshore (offshore) surface currents. Indeed, strong equatorward currents were observed up 146 to 2 days after the peak wind forcing immediately before E01, whereas the equatorward currents were 147 markedly weakened by the poleward wind stress immediately after E03 (Fig. 5b, f) . 148
Similarly, the CF events in the summer of 2012 were also accompanied by low or decreasing SSS several 149 days to a week after heavy rainfalls at upstream stations and equatorward currents (Fig. 6a , c, e and f). Three 150 (KHANUN, BOLAVEN, and TENBIIN) among the four typhoons in the summer affected the surface CF, 151 SSS, and surface currents during the events. Since typhoon KHANUN drove poleward wind stress, strong 152 equatorward currents developed before E04 were weakened, and SSS increased to reduce the salinity 153 stratification and decrease surface CF during E04 (arrow labeled by K in Fig. 6b , c, e and f). After the typhoon 154 passed, the surface CF increased again along with re-enhancing equatorward currents, re-stratifying salinity, 155 and decreasing SSS during E05 (Fig. 6c , e and f). Two typhoons (BOLAVEN and TENBIIN) successively 156 passed the area and both poleward (equatorward) wind stress re-stratified (well-mixed) upper ocean 157 conditions during E06. The poleward wind stress imposed by the BOLAVEN induced well-mixed conditions 158 with high SSS, low SST, and strong poleward surface currents (arrow labeled by B in Fig. 6b, c, d and f) . 159
However, the reversed wind stress imposed by the successive TENBIN resulted in decreasing SSS, increasing 160 SST, weakening the poleward surface current (strengthening equatorward surface current), and rapidly 161 increasing surface CF (peak exceeding 4.5 ㎍/l) (arrow labeled by T in Fig. 6b, c, d , e and f). 162
Contrasting to the CF bloom events in the summers of 2011 and 2012, two among the four events (E07 163 and E10) in the summer of 2013 did not accompany preceding heavy enough rainfall at the upstream stations 164 nor equatorward currents (Fig. 7a, f) . Typical heavy rainfalls and enhanced equatorward surface currents 165 preceded low SSS and high surface CF during the other two events (E08 and E09) only (Fig. 7a, 
f). Unlikely 166
with typical events, the SSS remained high and SST temporally decreased (negative anomaly) during E07 167 ( Fig. 7c and 7d ), whereas relatively high SST and low SSS were observed during E10 (Fig. 7c, d ). Contrasting 168 with those in the other two years, winds were mild and no typhoon passage was reported in the summer of 169 2013 (Fig. 7b) . 170 171
Surface CF distributions 172
The equatorward advection of low salinity, chlorophyll-rich plume water into the ESROB area along the 173 coast was confirmed from a series of daily composite satellite-measured Chl a only when clear images 174 containing few clouds were available. One example presented here is from four images continuously 175 available from July 24 to 27, 2013, before E09 ( in July 19-24 (Fig. 7a) . The high CF plume water was elongated and reached to JJ by July 24, SO by July 180 25-26, and farther south near the coast by July 27, yielding the E09 event from July 28 to August 1 (Table  181 1, Fig. 7 ). The SST and SSS observed using the thermosalinograph on July 30, 2013 in the vicinity of ESROB 182 consistently demonstrated wedge-shaped patterns with low SSS and high SST water confined near the coast 183 and reaching farther south passing BGN ( Fig. 9e and 9f ), confirming the equatorward advection of low-184 salinity and high CF surface water along the coast to ESROB. Interestingly, the satellite-based surface 185 geostrophic currents around and offshore of the ESROB (not shown) and the alongshore currents observed 186 at the upper depths of the ESROB (e.g. Fig. 7f ) were all equatorward during this period. 187
A pattern of surface CF distribution and geostrophic flow field on July 3, 2013 for E07 are shown in Fig.  188 9a and 9b, where high CF was found inshore of the poleward flowing EKWC (main axis is closer to UI than 189 the high CF area) and within cyclonic circulation around the ESROB (area of relatively low SSH). Onshore 190 currents prevailed between BGN and DH, associated with the cyclonic circulation (Fig. 9b) , potentially 191 yielding onshore advection of high CF offshore water of southern origin into the coastal zone near the 192 ESROB during E07 (Fig. 9d) . Similarly, although clear images were not available at that time, the 193 geostrophic flow field on August 21, 2013 for E10 is shown in Fig. 9c , wherein offshore currents were found 194 to prevail near the coastal zone. The offshore advection of coastal plume water of northern origin presumably 195 having low salinity, high temperature, and high CF (as cases of many other events, see Fig. 1 or Fig. 8) may  196 have enhanced the surface CF at the ESROB during E10 (Fig. 9e) . 
Horizontal advection 200
The low-salinity chlorophyll-rich water originating from the northern coastal region often accompanying 201 heavy rainfalls is advected equatorward along the coast into the coastal zone in the vicinity of the ESROB in 202 summer, and is primarily responsible for most (80 %) of the CF events. The rate of Chl a change observed at 203 the ESROB is comparable with the rate estimated from the spatial Chl a gradient and speed of equatorward 204 advection. The equatorward advection distance of high Chl a water is measured to 100 km (= dy) over 3 days 205 (= dt) with Chl a change of about 2.5 μg/l (= dChl) from the series of four daily composites of satellite-206 measured Chl a collected in July 24 to 27, 2013 before E09 (Fig. 9a, SSS and high CF plume water in other coastal systems (Halverson and Pawlowicz, 2013) . 214
In contrast to E09, the high surface CF observed during E07 is not explained by equatorward advection of 215 CF region offshore of ESROB (Fig. 9a, d ). Onshore advection of the high CF water originated from the 226 upwelling of nutrient rich water along the coast, accounting for half the CF change during the event (up to 227 1.60 μg/l d -1 averaged over the E07 when Chl / > 0) observed at ESROB during E07 (Fig. 7) . 228
Conversely, offshore advection of high CF coastal plume water of northern origin may also be significant as 229 
Inter-annual variations 264
The CF bloom events near the coast can vary inter-annually depending on the passage of typhoons. Five 265 typhoons passed through this area were associated with the CF bloom events for two summers (2011 and 266 2012) and there was no typhoon affecting the CF bloom events in 2013 summer. Both strong wind forcing 267 and intensive rainfalls associated with typhoon passage nearby determine how the plume water is advected 268 in and around ESROB, which varies year-to-year. In 2011, for example, the CF enhancement (E01) was 269 accompanied by the passage of MAON (equatorward wind stress and current) through the area south of 270 ESROB, whereas E03 ended with the passage of MUIFA (poleward wind stress and current) passing through 271 the area north of ESROB (Fig. 5b) . Similarly, surface CF decreased (increased) with the passages of typhoons 272 KHANUN and BOLAVEN (TENBIIN) through the area north (south) of ESROB (Fig. 6b) . Without any 273 typhoon passage in the summer of 2013, only half the CF events could be explained by the alongshore 274 advection contrasting with those in the other two years (Fig. 7b) . Thus, the primary productivity in the area 275 (Fig. 9) . 292 293
Concluding remarks 294
The low-salinity chlorophyll-rich water originating from the northern coast accompanying heavy rainfalls is 295 often advected equatorward along the coast in summer, resulting in high surface CF enhancements near the 296 mid-east coast of Korea. Alongshore advection of high CF waters is primarily responsible for most (80 %, 8 297 of 10) of the CF events, which confirms that the bloom events are possibly controlled by the advection of 298 low SSS and high CF plume water in summer. In contrast to the bloom events associated with alongshore 299 advection, the high surface CF observed during E07 is possibly explained by the onshore advection of high 300 CF water of southern origin advected by the poleward-flowing EKWC. Similarly, offshore advection of high 301 CF coastal plume water of northern origin may be significant, as in the case of E10. Therefore, the 302 equatorward and cross-shore advections of chlorophyll-rich plume water with decreasing SSS plays a 303 primary role in the high productivity near the east coast of Korea in summer. Summer-time CF near the coast 304 varies inter-annually as the horizontal advections vary significantly, inter-annually associated with typhoon 305 passages nearby, CTWs generated from the Russian coast, and influence of the EKWC, which should be 306 addressed with long time series data in future. 307
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